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Abstract: Laser plasma interaction experiments have been performed using a fs Titanium 

Sapphire laser.  Plasmas have been generated from planar PMMA targets using single laser 

pulses with 3.3 mJ pulse energy, 50 fs pulse duration at 800 nm wavelength. The electron 

density distributions of the plasmas in different delay times have been characterized by 

means of Nomarski Interferometry. Experimental data were compared with hydrodynamic 

simulation. First results to characterize the plasma density and temperature as a function of 

space and time are obtained. This work   aims to generate   plasmas in the warm dense 

matter (WDM) regime at near solid-density in an ultra-fast laser target interaction process. 
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Plasmas under these conditions can serve as targets to develop x-ray Thomson scattering as 

a plasma diagnostic tool, e.g., using the VUV free-electron laser (FLASH) at DESY 

Hamburg. 

I. Introduction  

Definite measurements of plasma temperatures and densities are important for 

understanding and modeling contemporary plasma experiments in the WDM regime [1], i.e. at 

electron densities of en =1021 – 1026 cm-3 and temperatures of several eV. Of special interest is 

WDM at near-solid density at en =1021 – 1022 cm-3 where the transition from an ideal plasma to a 

weakly degenerate, weakly coupled plasma occurs. Novel plasma diagnostic methods for WDM 

are currently developed like, for instance, x-rays Thomson scattering [2, 3]. This new technique 

has been boosted by inertial confinement fusion (ICF) studied using x-ray back lighters [4] and 

has successfully been demonstrated at solid density Be plasmas [5]. At near-solid density a proof 

of principle of Thomson scattering experiment is currently implemented at the VUV Free 

Electron Laser (FLASH) at DESY, Hamburg. The goal of these experiments is to verify a 

consistent many-particle theory which accounts for quantum effects as well as small and long 

range correlations [7-10]. Recently, the extension of Thomson scattering in nonequilibrium 

plasmas to probe transient plasma behavior is discussed [11]. The elaboration of plasma 

dynamics will be   the focus of future plasma experiments at FLASH and elsewhere [12]. 

The creation of WDM is a longstanding issue. Natural sources to isochorically heat solid 

targets in a large volume are shock waves, high brilliant x-ray sources or heavy ion beams. At 

smaller scales, near-solid density plasmas can also be created in ultra-short high-intensity laser 

matter interaction. In such laser experiments the plasma density and temperature of plasma 
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ablated from a planar solid surface changes in time and depends on the space distance from the 

surface on the laser parameters. The aim of the current work is a detailed experimental 

characterization of such ablative plasmas from planar PMMA bulk material. For the plasma 

characterization a modified time-resolved Nomarski interferometer [13] supplemented by 

numeric simulations is applied. These are prerequisite studies for an implementation into a 

pump-probe scattering experiment using the FLASH facility as the probe option. 

The paper is organized as follows. In section II we outline the experimental setup to 

create the plasma and present numerical results of hydrodynamic simulations of the laser target 

interaction using PMMA targets. The time-resolved Interferometry density measurement 

technique in pump-probe type experiments is presented in section III.  Section IV gives the 

experimental results, describes the data analysis and compares with the numerical simulations. 

Section V concludes and gives a short outlook.   

II. Numerical simulation of laser PMMA target interaction 

Figure 1 shows the sketch illustrating the laser target interaction. An ultra-short pulse 

laser irradiates perpendicular on a planar PMMA target and ablative plasmas are generated and 

evolve in time. This evolution can be obtained from hydrodynamic simulations. We employ the 

one-dimensional hydrodynamic code MED 103 [14], which has successfully been applied in 

laser plasmas interaction studies [15-17]. As an input the details of the laser pulse, wavelength, 

energy, duration and pulse shape, as well as target properties, material, density and geometric 

configuration have to be provided. As a result of the simulation we obtain space-time dependent 

plasma parameters including plasma density, plasma temperature, ionization state, pressure, and 

plasma velocity.  The time resolved plasma density distribution and the plasma temperature 

distribution are of special interest in the current studies. 
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Figure 1 schematic for the calculation 

 
Figure 2 shows results of the simulations for a Gaussian laser pulse at   800 nm 

wavelength, 50 fs pulse duration, and 5×1016 W/cm2 intensity.  The highest electron densities 

( en >7×1023 cm-3) and temperatures (Te>60 eV) are observed after the laser target interaction at 

the target surface. Subsequently, the plasma expands perpendicular to the target surface into the 

target as well as outwards. Therefore, as a function of the delay time after the pulse, the plasma 

volume grows and, consequently, the plasma density and temperature decreases.  Whereas for 

short delay times the near-solid density region is only reached very close to the target surface 

with a steep spatial density gradient, at larger delay times the density gradients are more relaxed 

and the higher density region is expanded further outwards. The distance 0z!  from the rear target 

side at which an electron density of 1021 cm-3 is observed runs from ~7 µm at 5 ps delay to ~40 

µm  at 300 ps time delay. The target thickness is d=5µm . At the distance z! < 0z! the plasma 

exists in the near-solid-density region.    
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a                                                                                      b 

Figure 2. 1-D Numerical simulation result for laser PMMA planar target interaction.  As a function of the 
distance from the target surface it is shown a) the electron density profile; b) the electron temperature profile 

for different delay times. The laser intensity is 5×1016 W/cm2. 

Table 1.  Dependence of the distance !z0 where a density of 1021 cm-3 is observed to the rear target side and the 
corresponding plasma temperature as a function of laser intensity and pulse duration. The pump-probe delay 
time is 300 ps. 

Laser intensity 

I (W/cm2) 

Pulse duration 

! (fs) 

Distance to the target to 

limit the Region of the 

plasma at the density of 

1021~1022 cm-3 

"z0 (m) 

Electron temperature  of the 

warm dense matter 

eT (eV) 

1013 100 (!1) <6 <0.1 

1014 100 (<4) <9 <0.7 

1015 100 (<7) <12 <2 

1016 100 (<16) <21 <7 

5×1016 50 (<35) <40 <6 

Further results showing the dependence of the distance "z0 on the laser intensity for a 

delay time and laser intensity of 300 ps are listed in Table 1. It is seen, that a plasma density 
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larger than 1021 cm-3 is produced only close to the target surface. Increasing laser intensity 

extends the region further away from the target to about 40 µm  at an intensity of 1016 W/cm2. 

This means that it is impractical to generate the warm dense matter by laser beam with less 

intensity than 1016 W/cm2. Higher laser intensity than 5×1016 W/cm2 might be more suitable, 

however, this goes beyond the capability of our Titanium Sapphire laser system.   

III. Electron density measurement with optical laser interferometry 

Optical laser interferometry [13, 18-23] had been verified a convenient, efficient and 

accurate technique to measure the electron density of plasma generated by short pulse laser. But 

the capability is limited by two factors:  the first one is the critical density and the second is due 

to the deflection of the probe light in plasma with gradient density [24, 25].  Plasma densities 

higher than 1.7×1020 cm-3 had not been measured using optical laser interferometry.  The 

deflection of light due to electron density gradients reduce the observation limit for optical laser 

interferometry further below the critical density and, therefore, WDM is not directly accessible.    

 However, an extrapolation from the low density region which is experimentally 

accessible to the high density region (see Figure 2-a) can provide an indication to characterize 

the WDM region.  In this work, we measure the electron density profile at lower densities 

(<2×1020 cm-3) and estimate the WDM region by extrapolation.      

The setup of our pump-probe interferometry experiment is shown in Figure 3. A single 

laser pulse with wavelength of 800 nm, pulse duration 50 fs and pulse energy of 3.3 mJ is 

delivered to an unbalance beam splitter. 99% of the beam energy is reflected to a mirror M5 and 

then focused by a parabola onto the planar PMMA target. A focal size of diameter d~10-15µm at 

the target surface has been measured.  Hence, the laser intensity reached is about 5×1016 W/cm2. 

The other 1% part of the beam was frequency doubled by a BBO, subsequently sent through a 
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time delay line composed of the mirrors M1 and M2, and finally reflected to the plasma by the 

mirrors M3 and M4.  The imaging system to observe the ablated plasma is composed of a 

microscope with a magnification of 10, Lens 1 and Lens 2, and an optical CCD.  A Nomarski 

interferometer with intended modification (Figure 4) is obtained by additionally including a 

Wollaston prism and an additional polarizer. 

Splitter
                 50fs 

                  3.3 mJ 
                  800nm

M1

M2
M3

M4

Parabola M5

Target Lens 1
Wollaston
prism

Lens 2
Polarizer

CCD

BBO

Optical
 Probe
 laser

Optical 
heater 
laser

99%

1%

 

Figure 3. Setup of the laser plasma interferometry experiments.   

 

  The probe laser, including a portion distorted by the plasma, is split by the Wollaston prism into 

two beams with perpendicular polarization directions and two images appear on the CCD.  The 

45º polarizer projects the two perpendicular polarizations onto a single polarization direction and 

due to the relative phase shift between the plasma distorted light and the undistorted light an 

interference pattern appears on the CCD.  Note that the interferometer used here differs slightly 

from the one formerly used [13].  The modified interferometer can collect deflected light with a 
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larger deflection angle, and hence, can reach higher plasma density. According to Fermat’ 

principle, larger deflection angles are caused by steeper density gradients. As seen from Figure 

2-a, a steeper density gradient is related to a higher density of the ablated plasma. Therefore, our 

modified Nomarski interferometer permits to reach higher plasma density and introduces large 

errors [26]. 

 

Plasma

Lens
CCD

Wollaston
prism

  

Plasma

Lens Lens
CCD

Wollaston
prism

 
a                                                                         b 

 Figure 4. Modification of the interferometer: a). usual Nomarski interferometer; b). presently used 
interferometer here in this work. The latter one has a lager acceptance solid angle and   collects light at a 

larger deflection angle. 

V. Results and analysis 

 The pump-probe experiment had been repeated for a variety of different time delays (see 

Figure 2-a) aimed to get a time resolved measurement. Delay times less than 40 ps were not 

accessible.  The six interferograms obtained with a delay time larger than 40 ps are listed in 

Figure 5.  These images have been reconstructed and are listed in Figure 6. These reconstructions 

were performed by specially developed software for interferometric analysis from Pisa, Italy [27].   
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Figure 5. Interfergram obtained in different experiments for different time delay.    

 
Figure 6. analysis of the interfergram in Figure 5 .    
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Figure 7. Electron density profiles of the laser-induced along the axis perpendicular to the target.  The solid 
lines give the numerical results while the dashed lines denote the experimental results. The red and the blue 

lines response to 300 ps and 200 ps time delay respectively.  

Figure 7 shows the electron density profiles along the axis perpendicular the target 

surface. The experimental curves can be divided into two parts in space. The first part is close to 

the target with a distance of less than 30 µm, the second is further away with a distance larger 

than 30 µm. The first part close to the surface cannot reflect the density profile of the plasma at 

that region due to the steep density gradient.  In the second part, the measured densities are 

underestimated because the phase shift of the light traveling through the plasma is reduced due to 

the deflection into lower density plasma regions. This could explain the discrepancy between the 

measured and simulated results shown in Figure 7. Minor experimental errors could be attributed 

to uncertainties of the laser parameters and the determination of the target surface.  However, the 
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measurements in this region can serve as a lower limit for the plasma density. An extrapolation 

to the density of 1021 cm-3 would lead to a distance of 25 µm.    

VI. Conclusion  

 Interaction of ultra-short pulse laser and flat PMMA target has been investigated 

numerically and experimentally. Numerical results show that near-solid density matter at 

ne=1021-1022 cm-3 can be found in a region of z<35 m, at the time 300 ps after the pump laser  

with the parameters  50 fs  pulse duration, 5x1016 cm-3  intensity and 800 nm in wavelength. 

Experimental results show that, the dense matter can be expected in a region of z<25 m, at the 

time 300 ps after the laser beam pulse (50fs, 3.3J, 10~15m in focus diameter). According to our 

results, ablative plasmas can be used as possible targets to probe near solid density matter by 

Thomson scattering diagnostics using the FLASH FEL. As a main requirement for its application, 

however, one has to overcome the steep density gradients of the ablated plasma which is possible 

by using better adopted target surfaces. 
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